Public access to thousands of completely sequenced and annotated genomes provides a great 3 opportunity to address the relationships of different organisms, at the molecular level and on a 4 genome-wide scale. Via comparing the phylogenetic profiles of all protein-coding genes in 317 5 model species described in the OrthoInspector3.0 database, we found that approximately 6 29.8% of the total protein-coding genes were orphan genes (genes unique to a specific species) 7 while < 0.01% were universal genes (genes with homologs in each of the 317 species 8 analyzed). When weighted by potential birth event, the orphan genes comprised 82% of the 9 total, while the universal genes accounted for less than 0.00008%. Strikingly, as the analyzed 10 genomes increased, the sum total of universal and nearly-universal genes plateaued while that 11 of orphan and nearly-orphan genes grew continuously. When the compared species increased 12 to the inclusion of 3863 bacteria, 711 eukaryotes, and 179 archaea, not one of the universal 13 genes remained. The results speak to a previously unappreciated degree of genetic biodiversity,
Introduction 20
The rapid advances of whole genome sequencing technologies have facilitated comparative 21 and evolutionary analyses, at fine molecular detail, mostly based on comparisons of similarities 22 of DNA, RNA, or protein sequences, e.g., homologous genes or gene contents.
23
Many methods have been developed to identify homologous genes. By definition, any gene and 24 its homologs found in other species are derived from a common ancestral gene. Since the 25 history of genes are generally not known, homology-identification is challenging. Consequently, 26 different methods that are based on different assumptions and algorithms may differ in 27 homology classifications. OrthoInspector is one of the three most balanced methods (the other 28 two are InParanoid and Hieranoid) of orthology inference in specificity and sensitivity (1-3).
29
OrthoInspector identifies orthologs by dividing genes into inparalog groups based on all-to-all 30 proteome BLAST comparisons and then searching for a reciprocal-best-hit relationship between 31 inparalog groups (1). Since it does not require a reciprocal-best-hit between individual genes it 32 is more sensitive than many other methods, including Inparanoid and OrthoMCL (1, 2, 4, 5) .
33
Recently, the OrthoInspector algorithm has been used to determine orthologs in 4753 
41
To investigate the relationship of gene contents of different species, we compared the 42 phylogenetic profiles of all NMS. A phylogenetic profile of a protein describes the presence or 43 absence of its homologs across a given set of organisms (7) . Two proteins with the same 44 phylogenetic profiles tend to function in the same biological process, though the accuracy of the 45 functional-linkage prediction depends on the criteria of defining homology and selection of 46 reference species (7) (8) (9) (10) (11) . We focused our attention to proteins with two extreme distribution:
47 universal or orphan. To accommodate the potential bias of the method used to identify 48 homologous genes and the consequence of occasional gene loss or genome sequencing or 49 annotation errors, we have also analyzed nearly-universal genes and nearly-orphan genes.
50
We discovered an unexpected pattern of the distribution of universal genes and orphan genes.
51
We found that every species has a large number of orphan and nearly-orphan genes, but none,
52
or only a few, universal and nearly-universal genes. Contrary to the common expectation that 53 homologs would be found for orphan genes so that orphan gene number would decrease as 54 more species are analyzed, the number of orphan genes grows continuously; each addition of 55 species brings new orphan genes, though often resulting in a decrease of universal genes. 
77

Categorizing Genes according to the Numbers of Species Having Their Homologs
78
The number of species having homologs for a specific gene is the sum total for the row to which 79 that gene belongs, since the presence or absence of its homologs in a species (except its own 80 host or home species) is indicated with 1 or 0, respectively. Note that the presence of multiple 81 homologs in a species does not increase the count beyond 1. A gene was called an orphan, 82 orphan +1, orphan +2…or a universal (o+1, o+2…universal, "o" means orphan) gene if the sum 83 total is 0, 1, 2… or 316.
84
Identification of Orphan, Nearly-orphan, Universal, and Nearly-universal Genes
85
If the number of species having homologs for a specific gene is 316, then that gene is a 86 universal gene, since it has homolog(s) in every organism analyzed. If the number is 0, then that 87 gene is an orphan gene, a gene unique to a species; no homolog exists in any of the other 88 species analyzed. Nearly-universal genes are genes conserved in all but five or fewer species 89 analyzed, i.e., a sum total of 315, 314, 313, 312, or 311 (corresponding to u-1, u-2, u-3, u-4, u-5 90 genes, "u" means universal). Nearly-orphan genes, by contrast, are genes that are shared by no 91 more than five of the species analyzed, i.e., a sum total of 1, 2, 3, 4, or 5 (corresponding to o+1, 92 o+2, o+3, o+4, o+5 genes).
93
Weighted Counts of Genes by Potential Birth Event
94
The weighted value of a gene is the inverse of the number of species, including the gene's 95 home species, that have homologs for that gene. Thus, an orphan gene was counted as one 96 (=1/1) gene, while a universal gene was counted as 0.003155 (=1/317) gene. An o+x gene was 97 counted as 1/(1+x) gene, x is any integer between 1 and 316.
99
Results 100 101
Distribution of Total Genes
102
To gain a broad view of the species being analyzed, we compared the sizes of their proteomes 103 (Fig 1) . Not surprisingly, on average, eukaryotes have much larger proteome sizes than bacteria 104 and archaea. Eukaryote proteome sizes also vary the most. Next, we placed every protein-coding gene encoded in the genomes of all NMS into orphan, 111 orphan +1, orphan +2… or universal groups (o, o+1, o+2…universal) based on whether the 112 number of species in which its homologs exist is 0, 1, 2… or 316 (S2 Table) . Surprisingly, for 113 every species analyzed, the group with most members was the orphan group, and the number 114 of genes in a group quickly dropped into a handful or even zero with the increase of species 115 containing the corresponding homologs (Fig 2 and S1 Fig) . Table. 122 123
Distribution of Universal, Nearly-universal, Orphan, and Nearly-orphan Genes
124
In order to comprehend the above data, we focused our attention on orphan, nearly-orphan,
125
universal, and nearly-universal genes. A nearly-universal gene is conserved in all but five or 126 fewer species analyzed, while a nearly-orphan gene is shared by no more than five of the Table, the 128 number of orphan and nearly-orphan (ONO) genes greatly exceeded that of universal and To determine the accumulated number of UNU, ONO, and all the protein-coding genes as more 180 species were added, we simply summed the UNU, the ONO, and the proteome of each of the 181 model species, one-by-one, in the sequence of the Nevers's original species order. The number 182 of UNU grew quickly initially with the addition of species, but the growth slowed down soon, and 183 almost plateaued at around 3,300 genes ( Fig 6A) . Strikingly, the ONO number increased 184 continuously, at a much greater speed than the initial, fastest, growth rate of the UNU number 185 (Fig 6B, orange) . Viewed with the same scale, the number of UNU genes appears to show a 186 trend, or slope, of zero (i.e., unchanging along the vertical axis) (Fig 6B, blue) . The numbers of different groups of genes are interesting and important to know but their identity 194 is even more informative for our understanding of life. Here we will describe the identity of the 195 universal genes, while that of the orphan genes will be described in another publication.
196
We first analyzed the homologs of the universal genes of our chosen 17. We observed that the 197 vast majority of the homologs of a gene encode proteins perform the same function in different 198 organisms, when functional data are available (S5 Table) . This indicates the specificity of 207 crescentus peptide chain release factor 3 belongs to the same subfamily of GTPases and 208 probably has similar structure and binds to overlapping regions of the bacterial ribosomes as the 209 elongation factor G (13-15). The fact that most homologs of a gene encode proteins with the 210 same characteristics and/or functions demonstrates that OrthoInspector is a reliable method to 211 identify homologs.
212
The second phenomenon we observed is that the homolog of a universal gene is commonly not 213 a universal gene. This is surprising. However, it explains why the number of universal genes is 214 not an integer multiplication of the number of model species (317), though not why it is smaller
216
The third observation is that none of the universal genes in our chosen 17 kept their status as 217 universal genes when checked against their in-domain non-model species in OrthoInspector (S5 218  Table) .
219
Next, we expanded our analysis to all the model species. Consistent with the observation of the 
222
The protein characteristics of five universal genes (Q74MY3_NANEQ, R1E424_9ARCH,
223
E4WXB9_OIKDI, C4V6P4_NOSCE, A2ER26_TRIVA) were not clear. To solve this problem, we 224 examined their homologs in the chosen 17 (S6 Table) . Assuming a gene's homologs share its 225 identity, we called Q74MY3_NANEQ and R1E424_9ARCH Obg-like ATPase 1, A2ER26_TRIVA
226 and C4V6P4_NOSCE elongation factor 2, and E4WXB9_OIKDI isoleucine-tRNA ligase.
227
With the new assignation for these five, the 261 universal genes encode eight proteins:
228 aspartate-tRNA ligase, phenylalanine-tRNA ligase alpha subunit, valine-tRNA ligase, isoleucine-229 tRNA ligase, elongation factor G (name according to bacteria, corresponding to the archaeal 230 and eukaryotic elongation factor 2), elongation factor Tu (name according to bacteria, 231 corresponding to the archaeal and eukaryotic elongation factor 1), DNA-directed RNA 232 polymerase subunit beta, and Obg-like ATPase 1 (Table 3 and S7 Table) . Five of these eight 233 belong to the Up-to-date bacterial core gene set (the two elongation factors and valine-tRNA 234 ligase do not) (16). (3) DNA-directed RNA polymerase subunit beta (5) DNA-directed RNA polymerase subunit beta (4) Elongation factor G (Elongation factor 2) (7)
Elongation factor 2 (31) Elongation factor 2 (5) (A2ER26_TRIVA, C4V6P4_NOSCE) Elongation factor Tu (Elongation factor 1) (57)
Elongation factor 1-alpha (11) Isoleucine-tRNA ligase (19) Isoleucine-tRNA ligase (1) (E4WXB9_OIKDI) Phenylalanine-tRNA ligase alpha subunit (97) Phenylalanine-tRNA ligase alpha subunit (7) Valine-tRNA ligase (1) Obg-like ATPase 1 (2) (Q74MY3_NANEQ, R1E424_9ARCH) 
273
What is surprising, and counterintuitive, is that the homologs of universal genes normally are not 274 universal genes. This results from how we define and detect homologs. Two genes are deemed 275 homologous as long as part of their encoded proteins share some sequence similarity, normally
276 an e-value of 10 -3 to 10 -5 in a BLASTp search. OrthoInspector uses an e-value cutoff of 1e -9 277 (about 1.2x10 -4 ) (1). At this condition, the C. crescentus peptide chain release factor 3 and elongation factor G are detected as homologs because they share some sequence homology in Caenorhabditis elegans, and Gallus gallus (Tan, unpublished observation) .
285
To illustrate how the homologs of a universal gene can be non-universal genes, opposite to 286 what one would expect by the definition of a universal gene, we made up three hypothetical 287 proteins, A, B, and U (Fig 7) . U shares parts 1, 2, and 3 with A and parts 1, 4, and 5 with B.
288
Each part can be one or a group of amino acids. Under the criterion that two proteins are The puzzle that homologs of a universal gene are normally non-universal genes necessitates 297 distinguishing different levels of homology. The concept of gene homology and the identification 298 of homologous genes among different species are foundational to our study and numerous 299 other comparative genomic studies. We think that it will be fruitful to define and distinguish 300 different levels of homology. Here we propose the following levels of homology: 1) protein-301 domains (or partial sequence homology, or regional homology), 2) full length proteins, 3) full 302 length genes, including the 5'-and 3'-untranslated regions and introns, 4) signal transduction 303 pathways, 5) tissues, 6) organs, 7) body parts. The first three levels are at the molecular level 304 and concern protein-coding genes. The higher the level of homology two genes share, the more 305 likely they will perform the same function. Each level has its own value, even the lowest level, 306 the level one. For instance, if two proteins both have a kinase domain, then they will be a kinase 307 of some sort. Their other non-homologous regions may determine their substrates and their 308 cellular locations of functioning. If these two proteins share homology throughout their entire 309 length, then we can predict that they possess the same substrate specificity and function in the 310 same cell compartment.
311
Currently, it is a general practice to call two proteins homologous as long as they share level 312 one homology and be put into the same protein family. Fig 1I of (40 weighting is logically required if indeed homologous genes share a common ancestral gene. But 361 this makes the explanation of the origin of ONO genes more acutely mysterious and makes it 362 more important to study their functions, which we will address in the near future.
363
Limitation of This Study
364
The number and identity of genes in each of our orphan, o+1, o+2… and universal homologous 365 groups may be different using a different method and/or a different e-value cutoff for homology 366 calling or when different species are included, though the trend of the differential growth of ONO 367 and UNU genes will not change. It will be interesting to study how the phylogenetic profiles of 368 proteins will change with a change of the criteria of homolog calling, such as the percentage of 369 gene length covered, percentage of identity, alignment gap penalty, e-value cutoff, and 370 calculation models (alignment algorisms) for these parameters. Furthermore, how the 371 phylogenetic profiles would change when different species are included.
372
Recent years have witnessed a growth of interests in orphan genes (19-22, 28, 41-56) .
373
However, the increase of interests is incomparable to the increase of orphan gene number.
374
Most of the orphans have unknown functions and will be a rich soil for discovery of new 375 enzymes and/or unknown substrates of known enzymes (57) or new genotype-phenotype 376 connections. The broad existence of orphan genes calls for a greater attention to them from the 377 biological community.
378
Conclusions 379
Our in-depth analysis of phylogenetic profiles of 317 proteomes across the three domains of life 380 shows that ONO genes are a common occurrence in the sense that each organism has a 381 significant number of them, while UNU genes are very rare. Most organisms, especially 382 eukaryotes, do not have any UNU genes. Furthermore, the sum total of UNU genes almost 383 plateaued while the number of ONO genes grew continuously when the number of organisms 384 being analyzed increased. More importantly, every universal gene lost its status as a universal 385 gene when the sampled number of organisms is increased. These results revealed a great 386 challenge to explain not only the origin of genes but also the origin of life and the origin of 387 biodiversity. We propose to use the birth-event-weighted distribution of genes as an indication of 388 gene diversity, even though the weighting makes it more difficult to explain the origin of genes 389 by the common belief that genes were generated via duplication and diversification because of 390 the greatly enlarged portion of the ONO genes. 
